The recent development of galvanometers has led to substantial improvements in the technique of recording and analyzing the heat production of muscle, particularly in facilitating the correlation in time and magnitude between thermal and mechanical events. The heat changes can be resolved in time to within a few milliseconds; the changes of length or tension, recorded simultaneously, are practically unaffected by friction or inertia. The physical properties of the instruments, and numerical methods of analysis, are discussed.
n about 0-4 sec. High speed, therefore, as well as sensitivity, is required in the recording instruments.
The current sensitivity of a galvanometer is proportional to H T 1 2ja (Hill 1948 a) , where H is its magnetic field, T its period and a the width of its coil. Making H as large and a as small as practicable the sensitivity is proportional to the square of the period. A balance, therefore, must be struck between speed and sensitivity. The galvanometers available in 1938 were far slower than the thermopiles. Im provements, however, of the last few years (Downing 1948 , Hill 1948 have made it possible, with adequate sensitivity for a single twitch, to follow the changing current from a thermopile with a time lag as small as 1 | to 4 msec, (see figure 6c ). For many purposes the present speed of galvanometer and thermo pile is so high th at further analysis of the records is unnecessary; for some, how ever, it is still required. The rapidity of the galvanometer, moreover, has led to a better understanding of the properties of the thermopile, and so to simpler and more accurate methods of analysis when th at is needed.
The galvanometer has been fully described elsewhere. Its deflexion is amplified photoelectrically 100 to 200 times and recorded on one beam of a double-beam cathode-ray tube. The second beam has been used simultaneously for the me chanical response (see figure 6 a). Details of the display, timing and recording are given below.
The methods here discussed were developed primarily for the investigation, described in the following paper, of the rapid early heat production in a twitch. That required very high speed and sensitivity. The improved technique made possible the other investigations recently described (Hill 1949 a, b, c) .
T h e r m o p il e
No reason has been found to modify the conclusion (Hill 1938, p. 157) th at of all heat-measuring instruments practically available the ' protected ' thermopile (Hill 1937 (Hill , 1938 is the best suited to this work. The last thermopile constructed by Mr A. C. Downing before the war, referred to as P6, is quicker than had been anticipated: it is so thin th at an instantaneous rise of temperature of a pair of muscles on it would give half the full thermo-e.m.f. in less than 1 msec., and delay in the arrival of heat at the recording junctions is due almost as much to the layer of connective tissue and water between muscle fibres and thermopile as to the thermopile itself. Any further improvement, therefore, in the direction of thinness would give rather little advantage. The requirement of a very high degree of insulation, to protect the recording galvanometer from electrical disturbances, is met by the mica insulation; this, with the bakelite varnish employed, provides a resistance between muscle and thermopile, after soaking in Ringer's solution for many hours, of 100 to 1000 megohms. Another thermopile, P7, constructed in 1945, has similar properties.
The only alteration necessary to the thermopile was to fix two stimulating electrodes, one on each side (i.e. one for each muscle), just over the middle of the region in which the heat is measured. The velocity of propagation of contraction M yothermic methods along a frog's muscle fibre at 0° C is about 30 to 40 cm./sec., so conduction over even a few millimetres involves a delay of a good many milliseconds. If the stimulating electrodes are distant from the thermopile, the latter cannot record any heat until contraction has been propagated to it and the advantage of high speed in the recording instruments is obscured. By placing the stimulating cathodes, one for each muscle, immediately over the region in which the heat is recorded, the delay is diminished. The two ordinary electrodes, one at each end, were used as anodes, so th at the current from either cathode spread out both ways. The anodes were earthed; this helped to avoid disturbance of the galvano meter by the stimulus.
Details of thermopile P6 are as follows. It has thirty couples of palladium-gold and iron, its resistance is 17-1 Q, it gives 1363 /iV/l° C, it is about 40 thick. Its end electrodes (anodes) are of platinum wire rolled to the thickness of the thermo pile and sealed to the thermopile by bakelite varnish; the middle electrodes (cathodes) are thin and flexible, being adjustable to make light contact with the outside of the muscles resting on the thermopile. The total length of the active region of the thermopile is 13-2 mm. There is a 'protecting' length of 1-8 mm. at the pelvic end, of 6-4 mm. at the tibial end (see Hill 1937, figure 4; 1938, figure 2) . The muscles being placed so that their pelvic ends are 0-5 mm. beyond the electrode, the 6-4 mm. at the tibial end 'protects' the active elements of the thermopile for shortenings as great as 30%. Another terminal of the thermopile is provided, making contact with only twenty-six couples instead of thirty, so permitting a further 2-4 mm. of 'protected' shortening, i.e. a total of 40%. The twenty-six couples have a resistance of 14*9 0 and give 1176 //,V/1° C. For some of the experiments on toad muscles described in preceding papers (Hill 1949 a, b, c) in which 50 % shortening occurred, the active region of the thermopile was made still shorter.
In spite of the high speed with which the thermopile begins to record the rise of temperature of a muscle lying on it, there is bound to be considerable delay in reaching its full value. The final stages depend on the slow conduction of heat from the outer region of the muscle. Even with the thermopile so thin as to have a heat capacity equal to only about 10 of muscle on each side, the attainment of the full rise of temperature by the junctions may take several hundred milli seconds. Moreover, when heat is produced by living fibres the delay due to the conduction of heat is made greater by a layer of connective tissue around the muscle and a film of fluid lying between the connective tissue and the mica. It is not possible to determine the thickness of these exactly, but connective tissue and Ringer's solution together appear to be about 6 [i thick, which must be added to the 10
[ iequivalent to the thermopile on each side. Electrical heating of th muscle on the thermopile, as previously adopted, can reveal the constants of the instrument itself, but since inert conducting material is warmed to about the same extent as active muscle fibres, the thickness of the former must be allowed for independently. The 'heating controls' used in the analysis (see below) have taken approximate account of the heat capacity of the inert layer between active fibres and thermopile.
T h e t h e r m a l c o n d u c t iv it y o p m u s c l e
The flow of heat from muscle to thermopile depends chiefly on K, the thermal inductivity of muscle. From the thermal conductivities of its chief constituents, rotein and water, the value of K was estimated (Hill 1937, p. 121) as 1-24 x 10~3 or frog's muscle containing 20 % of solids. By the kindness of Dr Ezer Griffiths, \R.S., an absolute determination has been made at the National Physical laboratory of the thermal conductivity of lean horse meat cut approximately arallel to the fibres; the value is IT x 10~3 cal./cm.2 x sec. for 1 cm. thickness and 0 C difference of temperature. The hot-face temperature was 35° C, the cold-face 5° C. Over this range the thermal conductivity of water is 1*5 x 10~3. The density f the meat was stated to be approximately IT g./cm.3
In frog's muscle (Hill 1931, p. 277) , for each 1 % of solid it contains the density s increased by 0-00286 as compared with Ringer's solution. Taking the latter as laving a density at 18° C of 1-005, the density of a frog's muscle containing 20% if solid would be 1-062. A density of IT would correspond to about 33 % of solid; this seems unduly high and 25 % is more probable for horse muscle, which would correspond to a density of 1-077. If we interpolate linearly between 1-077 and 1-000 for frog's muscle containing 20% of solid, with a density therefore of 1-062, the value of K for frog's muscle would be 1-18 x 10-3. This is close to the 1-24 x 10-3 previously assumed.
In the equations it is not K but k = Kjpc which occurs, p being density and c specific heat. For frog's muscle containing 20 % of solid, p = 1-062 and c = 0-864. Hence for frog's muscle containing 20% of solid = 1-29 x 10-3. The previous value was 1-35 x 10-3. At 0° C, k must be somewhat lower, and for con venience the value 1-25 x 10-3 has been assumed in the calculations referred to below. If a muscle contained more solid its K and c would be less and its p greater; these changes balance each other approximately, and is nearly indepen dent of the solid content.
H e a t f l o w f r o m m u s c l e to t h e r m o p il e
The equations for the flow of heat from muscle to thermopile were deduced in previous papers (Hill 1937 (Hill , 1938 . The thermopile is regarded as a sheet of thick ness 26 cm. with a muscle of thickness a cm. on each side. The heat flow is supposed to be perpendicular to the sheet; heat loss sideways along the thermopile (or out wards into the air) is slow and can be allowed for separately. Let K be the thermal conductivity of muscle, c its specific heat and p its density; put k -Kjpc. For simplicity it is assumed th at k is the same for thermopile as for muscle; actually it is somewhat greater, but no important error is introduced, the heat capacity of a very thin thermopile and the flow of heat in the muscles on it being the dominating factors; the net effect of assuming k to be the same for thermopile and muscle is to make the calculated speed of response of the thermopile slightly less than the actual speed.
If we suppose that the muscles are of infinite thickness and that at time zero their temperature is suddenly raised by y0 thermopile at any subsequent time t is
ylVo= l -erf [b12 ( J e t ) ] (i)
2 f where erf (h) represents the probability integral J e~xi For the earlier stages of contraction, up to about 0-5 sec. for a muscle of ordinary size, equation (1) is sufficient. For longer times it is necessary to take account of the finite thickness of the muscle. Putting y = a/b and writing x for 6/2 *J(kt), middle of the thermopile is
I t is interesting to calculate approximately how rapidly the parts of the muscles distant from the thermopile affect its temperature. Imagine a layer of muscle, including the thermopile, of total thickness b' on each side, to be instantly heated and then allowed to cool down by conduction to an outer unheated region of infinite thickness and the same conductivity. From equation (1) Thus the reading is largely affected within 30 msec, by what has happened in the layer of fibres immediately outside those in contact with the thermopile (say 100 y away). The general conclusion of this is that the layer of fibres immediately next to the thermopile is chiefly responsible for the earliest deflexion recorded, the more distant fibres contributing more at later times. For a true picture, therefore, of the course of the heat production, it is essential th at the fibres at the surface should be in good condition and that the muscle should contract uniformly all over. Other wise the only valid reading is the average obtained after 1 or 2 sec. when the heat has had time to be redistributed.
We have assumed hitherto th at the rise of temperature is instantaneous. This condition is not realizable experimentally; the shortest practical interval of heating yy a high-frequency current is a few milliseconds, which is a long time by the tandards of the early heat flow into the thermopile. To compare theory and ixperiment it is necessary, by numerical integration from equation (1), to calcuate the rise of temperature during and after a finite interval of heating. The jbserved deflexion for th at duration of heating is analyzed numerically by the galvanometer deflexion to a constant current, to give the temperature of the hermopile as a function of time. The comparison of 'calculated' and 'observed' dlows us to determine the constant factor coming into all the equations. Assuming k = 1-25 x 10-3, b is found. For thermopile P 6 the value of b so obtained s about 10 y ,that is to say, the whole thermopile has a heat capacity equal to ibout 20 y of muscle. This is better than originally estimated. The thickness of thermopile P6, as measured with a micrometer, is about 40 about 15 of wire and 2 x 12| yo f mica. About two-thirds of the space inside the mica is occupied by wire, so th at the average value of pc (for mica 0*63, for metal 0-85) would be (25 x 0-63+ 10 x 0-85)/40 = 0-605. For frog's muscle pc is about 0-92, so th at 40 y of thermopile should be equivalent in heat capacity to 40 x 0-605/0-92 = 26-3 y of muscle. The fact that the heat capacity is only about three-quarters of the value so calculated may be due partly to the mica and wire being thinner than allowed for, partly to their thermal conductivity being higher than th at of muscle. It is satis factory th at the speed of the thermopile (being inversely proportional to 62) is nearly twice as great as expected.
The experimental verification of equation (1) and the direct determination of b were made possible by the high speed of the new galvanometers. Several thermo piles were examined in this way. For P7 the value of 6 was about 10 y, for P5 about 11 \ y ,for some of the older protected thermopiles substantially more. 4
M yothermic methods

4. T h e e f f e c t o f c o n n e c t iv e t i s s u e a n d f l u i d b e t w e e n MUSCLE AND THERMOPILE
In a 'heating control' all the electrically conducting material present, muscle, Ringer's solution, fascia, connective tissue, etc., lying between the electrodes is nearly uniformly heated. When the muscle contracts, however, only the fibres produce heat, the inert material between them and the thermopile providing a heat capacity which, added to th at of the thermopile, considerably slows the deflexion. If a heating control could be made, which is experimentally impossible, for the contractile material only, it would rise considerably more slowly. The consequence of carrying out an analysis with a heating control which rises too rapidly is to give a false result which is smaller, and occurs later, than it should.
The muscles used in several of the present experiments were afterwards fixed and, through the kindness of Professor J. Z. Young, sections of them were stained and prepared for photomicrography by Mr J. Armstrong of the Department of Anatomy at University College. Figure 1 , plate 8, at a magnification of 41 x , shows the full thickness (0-64 mm.) and 2-1 mm. of the width of a frog's sartorius. The 'outside', i.e. the surface next the skin, is above, the 'inside' below. Figures 2, 3 and 4, plate 8, at a magnification of 500 x , are taken from the regions marked A, B and C respectively in figure 1 . Figure 5 , plate 8, is from another muscle at 1000 x . Figure 1 shows that around the ' outside ' of the muscle a complete membrane exists which, in figures 2, 3 and 4, varied in thickness from about 4 to 8 Nothing comparable is seen on the 'inside'. In figure 5 , on another muscle at a higher magnification, the thickness of the membrane averaged 3-8 / . It varies sub stantially from muscle to muscle and from region to region of the same muscle. In the living state it may be somewhat thicker, but no considerable shrinkage took place, during fixing, in the muscles as a whole. Figure 1 shows one obvious peculiarity, which is found (though not always so strikingly) in other muscles, viz. that the fibres on the 'outside' tend to be smaller than in the middle. Since, in the usual arrangement using a pair of muscles, the ' outside ' fibres are the ones which first supply heat to the thermopile, and since the earliest stages of the observed heat must depend largely on how they behave, the fact may be important. The 'inside ' surface does not appear to differ very much from the middle in the size of its fibres.
In the double sartorius preparation ordinarily used the 'outside' is the surface which lies in contact with the thermopile. It seems unlikely that the layer of Ringer's fluid between the outer surface of this connective tissue and even the flattest and smoothest thermopile, is less than 1 or thick; so that an inert layer of 4 to 10 pm ust be present, hindering the heat flow. The thermopile P 6 (with a pair of muscles) is about 10 so th at for recording the heat production of the contracting fibres its effective value is raised to 14 to 20 The flow of heat from muscle to thermopile involves the factor 2, and if b increases from 10 to 14 or 20 p i ,62 will increase from 100 to 200 or 400. Thus, the n tracting layer will slow the response of the thermopile itself 2 to 4 times. An obvious step would be to use the muscles the other way round, i.e. 'inside in '. On their inner surface there is nothing like a continuous layer of fascia, and apart from shreds of connective tissue left by dissection, and the Ringer's fluid which these might retain, the muscle fibres would be in direct contact with the thermopile face. The difficulty about this is to reverse a pair of muscles. The bone at the pelvic end would have to be sliced down the middle, and its two halves reversed and held in such a way th at the muscles lay on the thermopile with the same precision and regularity as is achieved with the ordinary preparation. If they did not, irregular masses of fluid would be confined between them and the thermopile face, the muscles would flop about when stimulated and the results would be unreliable. An attem pt was made to work this way with a double sartorius reversed, but abandoned.
It is easy to work with a single sartorius 'inside in ', and experiments have shown th at the deflexion obtained on stimulation is rather more rapid than with the same single muscle the other way round. No advantage, however, is gained. With a single muscle the whole of the thermopile has to be warmed from one side, not one-half of it, so th at the effective value of b is not 10 but 20 Unavoidable inert material and fluid added to this would make the deflexion slower than with the double muscle 'outside in '.
T im in g a n d d i s p l a ŷ lining
The timing of events was effected by means of a revolving contact breaker with hree arms operating three keys. The contact breaker revolved once in 10 sec., and he metal drum on which the arms were set was engraved in 1000 divisions, each orresponding to 10 msec. By careful setting, short intervals could be adjusted to vithin 1 msec.; their duration could be measured on the cathode-ray tube, and mce set they were consistent to less than 1 msec. The opening of the first key K x broke the current through rranged with their coils in series. The opening of one relay brightened the beam sf the cathode-ray tube and started the sweep. The opening of the other relay provided a condenser discharge to stimulate the muscle. These events occurred vithin a fraction of 1 msec, of one another.
The second key K 2 was not used when single shocks were employed. The opening of the third key K z operated a relay which cause nade closing the first relay referred to under K x, so darkening the beam and topping the sweep. In the interval between and the beam was bright and sweeping.
When currents of known duration were required, whether for a tetanus or for leating, these were provided by K x and K 2. The opening of the second relay of jroke the contact of a Carpenter relay (type 3E 1); the opening of K 2 made th at contact again. The contact short-circuited the stimulating or heating current. During the interval between K x and K 2 the current passed throu The Carpenter relay is a remarkable instrument, allowing a contact to be made very quickly and accurately and without a trace of 'chatter'. The interval mce set was consistent within less than 1 msec.
Display
Various arrangements were tried, the one finally adopted being due to Attree (1949) . At the moment when the stimulus was applied the beam brightened and the sweep started, continuing until stopped by K z (see figure 6 6). A nearly linear repetitive time-base, at any desired speed and with negligible fly-back time, allowed the record of the deflexion to be spread out as required. A fourth key K x permitted the speed of sweep to be reduced to one-quarter, if desired, at any moment during a deflexion. Time marks were provided on the record by modu lating the beam, either in gaps or spots, at any frequency required; 5 0 time-marks per second were usually sufficient.
Photographic records were made with a fixed quarter-plate camera with dark slides. The room was fairly dark and, with the beam off, the plate or paper could be exposed as long as necessary while the revolving contact breaker moved round to open the keys. Before K x was opened a key operated by hand momentarily brightened the beam without starting the sweep, in order to give zeroes of time and deflexion (see figure 6 a, 6 ).
F igure 6. a. S im ultaneous records of h e a t an d shortening in th e early stages of an isotonic
tw itc h a t 0° C of a p a ir of sem i-m em branosus m uscles of a toad. Therm opile P7, 1430 y»V/l° C. M uscles 143 m g., load 4*3 g. N um bers, tim e in m sec.; tim e gaps every 20 m sec. b. R ecord (five sweeps) o f th e h e a t production in a n isotonic tw itch a t 0° C of a p a ir of sarto riu s m uscles of a to ad . T o tal h e a t 3-2 x 10~3 cal./g. N um bers, tim e in m sec.; tim e gaps every 20 m sec. I n a a n d b no te th e initial p o in t (zero of tim e and deflexion) a t th e left-h an d b o tto m corner, a n d th e leak of th e stim ulus, c. Deflexion of galvanom eter, as used in th e records of a an d 6, in response to a constant current pulse (d o tted line) lastin g 18 m sec. T he galvanom eter introduced a delay of about 3-5 m sec, in th e h e a t records.
. T h e s t i m u l u s :
In recording the earliest stages of the heat production it is necessary th a t the galvanometer should not be badly deflected by a leak of the stimulus. Even if the insulation is perfect the thinness of the mica sheet (10 to 15 still gives -] a substantial electrical capacity between muscle and thermopile and so causes a momentary difference of potential to be set up between regions of the thermopile opposite portions of the muscle between which a current is flowing. This produces a mom entary flick of the galvanometer which, if no precautions are taken, may be large enough to obscure the early deflexion due to heat. The trouble can be largely liminished (i) by using three electrodes, a cathode at the middle and anodes at the ends, so causing the ends of the thermopile to remain more nearly at the same potential when a shock is applied to the muscle, (ii) by earthing the two anodes, and (iii) by keeping the insulation as near perfect as possible. Even so, disturbances Dccur when a one-way shock is applied.
If the shock is rapidly reversed, so th at the same quantity of electricity flows in the muscle in both directions, the disturbance produced by current one way is rapidly reversed by current the other way and the net disturbance after 2 or 3 msec, is greatly reduced. The circuit employed is shown in figure   M Form of the tw o-w ay discharge on opening K v equation and constants in tex t.
The shock (a condenser discharge) is produced by opening the key In series with the muscle, represented by the resistance is a condenser C' ; C' ensures that the total current which passes through the muscle is nil. The time course of the potential E applied to the muscle is then
where a and b are
The form of E is shown in figure lb . I t crosses the base-line at time log b/a 1 = 0-434(l/a-l/6) and reaches its negative maximum at twice this value. The area is the same above as below the line; the first phase stimulates, the second phase reverses any dis turbance of the record or polarization of the muscle and electrodes.
The resistances and capacities must be chosen to give an appropriate shape to the discharge; they depend upon R m, the resistance of the muscle. For a pair of sartorius muscles of the usual size the resistance between the end electrodes is 10,000 to 20,000 Q ; using a central cathode and anodes at the ends, it is 2500 to 5000 Q. Figure 7 6 is drawn for R m = 5000 Q, -5000 £1, R2 = 2500 £), -0-1 ptf?, C' -0-05 fiF, and E then has the form E = p70(l-59 e_;/0'305 -0-59 e^/°-82),
where t is in msec. The current has effectively ceased by 5 msec. The deflexion recording heat production is never apparent at 0° C before about 15 msec, after the shock, so the passage of the stimulating current and its reversal should leave the galvanometer quiet some time before the heat deflexion begins. Figure 6 a, b, shows the leak of the stimulus at the beginning of the record. There might be some advantage in stimulating the muscles through their nerves (Hartree 1929), though this would require two more pairs of electrodes, and the total delay in propagation and at the neuro-muscular junction would be greater than in direct stimulation. The chief objection, however, would be that when considerable shortening occurred the nerves might be displaced or damaged. No attem pt has been made to work in this way. 
T h e a n a l y s i s o f r e c o r d s
The thermopile and galvanometer now in use are so quick that the records themselves exhibit the chief phenomena without analysis, e.g. the rapid onset of heat production after a shock, the effect of allowing a muscle to shorten and the heat derived from mechanical energy when a muscle relaxes under tension or load. For the finer resolution, however, of the several processes and for greater precision in determining their course and magnitude, an analysis of the records is still necessary. This is due to three facts:
(1) The galvanometer, although very rapid, is not instantaneous, and the lag it introduces into the records is not negligible.
(2) The thermopile, although very thin, is not warmed up instantly by the layer of muscle in immediate contact with i t ; its heat capacity, though small, requires heat to be conducted from a distance and conduction through muscle is slow.
(3) Heat loss, although small in the time involved (1 or 2 sec. for contraction and relaxation), is not negligible except in the early stages and must be allowed for.
In the past, records were analyzed by a numerical method based on the use of an experimental 'heating control'. The muscle was heated artificially during a known short interval by a strong high-frequency current (say 100 kc./sec.) which does not stimulate i t ; or, for security against casual stimulation, the muscle could first be made inexcitable by soaking in Ringer's solution containing 10 times the usual potassium ion concentration. A record was made exactly as when the muscle produced heat in response to a stimulus. The one record was then used to analyze the other.
This method worked well with the older thicker thermopiles. With them the extra delay due to the layer of connective tissue and fluid between muscle fibres and thermo junctions (see § 4) was relatively unimportant. With the present istruments, however, a heating control of the old kind would rise much too apidly, since the inert material and fluid would be warmed as well as the muscle ' rythe heating current. To take full advantage of the quicker instruments it was tecessary to allow for the unavoidable addition to the heat capacity of the thermo ale, provided by the inert material and fluid. In the attem pt to do so it was found hat the simplest and most accurate procedure was to break down the analysis nto its several components in the following order.
7T.
Lag due to galvanometer. In a recent paper (Hill 1948 c) it was shown th at he effect of galvanometer lag, in recording a gradually changing current, isxcept at very short times-simply to delay the whole curve of deflexion by a onstant small amount. Given the deflexion of the galvanometer to a constant urrent suddenly introduced in its circuit (figure 6 c), th at delay could be easily ■alculated. W ith the galvanometers used in the present work it was 1 | to 4 msec. The necessary allowance is made by changing the zero of time by the calculated mall amount.
At very short times with a rapidly changing deflexion rather greater accuracy s obtained by analyzing the deflexion by a 'control' consisting of the galvanoneter response to a constant current suddenly introduced. Before long the time ag is found to become constant. 7-2. Heat loss occurs along the wires of the thermopile and (to a lesser degree) o the surrounding air. Its rate is proportional to the difference of temperature jetween the muscle and its surroundings, i.e. to the deflexion at the moment. For a larger muscle the rate of temperature loss is less; depending on the size of the muscle its value was from 3 to 8 % per sec. The coefficient of temperature loss was obtained by heating the muscle artificially for a short time with a highfrequency current and observing the subsequent decrease of the deflexion. Allow ance for heat loss is made numerically; it is of little importance during the first 0*2 sec. 7*3. Lag due to thermopile. By numerical integration of equation (1) in § 3 it is possible to calculate the course of the current produced in a thermopile by heating a muscle on it for a known time, say 5 msec. Taking the equivalent half-thickness of the thermopile as 10 ya nd adding to it a quantity representing the t of the connective tissue and fluid between muscle fibres and thermopile, we obtain the value of b for the calculation. The exact thickness of the inert material cannot be known, but no great error is involved in taking it as 5-8 ja; this precise value was chosen because it made 62/4fc£ equal to \t, if t was in msec., which was con venient for calculation.
The calculated 'heating control' (thermopile current) for 5 msec, heating with heat 1000 is as follows: In a calculation up to 0-1 sec. it is unnecessary to take account of equation (2), § 3 which does not affect the result until much later. With a calculated heating control of this kind the analysis is carried out in th< usual way. The interval, 5 msec., is about the shortest that can usefully be em ployed; a 10 msec, heating control is practically as good, and much less trouble for the early analysis. For the later analysis 20, 40 or 80 msec, intervals ar sufficient.
For longer analyses, the finite thickness of the muscle begins to affect the resul between 0-5 and 1*0 sec., and the small modification embodied in equation (2 must then be adopted.
Various 'heating controls' were prepared in this way, for use as appropriate. A long analysis carried out in the usual way by successive subtractions i laborious, and a much simpler procedure has been found (Hill 1949 c? 1297, -2 0 7 , -1 2 , -1 0 , -8 , -6 , -4 , -3 , -3 , -2 , -2 , -2 , -2 , -1 , -1 , ... The method of calculating the a 's is described in the paper referred to.
For analyzing at the start in very short intervals the method of successiv subtractions is to be preferred, since it allows discretion in accepting small re mainders, to cover small irregularities in the numbers analyzed. Equation (3) i automatic and allows no remainders, and with very short intervals is apt t< produce an oscillatory result. For longer intervals, however, it works perfectly and has the great advantage that any value of Hr can be calculated withou calculating all the others.
In working with a single muscle (which has to warm the whole thickness of tb thermopile) the value taken for b must be greater, namely, 20 / plus the allowana for inert material between muscle fibres and thermopile. This makes the calculatec 'heating control' considerably slower and the early analysis less sharp.
8 . S i m u l t a n e o u s r e c o r d in g o f t h e m e c h a n ic a l r e s p o n s e
The exact correlation of the heat with the mechanical changes, tension o shortening, throughout a twitch required that the latter should be recordec simultaneously in the same photograph without friction or delay. A double-bean cathode-ray tube was. used, the second beam being operated by an amplifie: connected to a simple ' strain-gauge ' (for tension) or a twin rectifier photocell (foi shortening). The strain-gauge has been described elsewhere (Hill 1949c) ; it consists of a single straight wire (nickel-chromium, 60 /jl diameter) forming one arm o: resistance bridge. For recording the shortening, a light dural lever mounted on iniature ball bearings moved between a lamp and the double photocell, casting shadow on the latter. The two cells were arranged in opposition, movement of te shadow causing a change in the current produced by them, which operated the aplifier and the beam. The lever was so light th at its inertia was negligible at the *eeds involved, and friction in the ball bearings was very small. The deflexions r heat and mechanical response were arranged to be in opposite directions on the cords and the starting-point and the time marks were the same for both. An i ample of simultaneous recording of heat and shortening, at high magnification, i given in figure 6 a.
